Abstract-It is challenging to inspect austenitic welds nondestructively using ultrasonic waves because the spatially varying elastic anisotropy of weld microstructures can lead to the deviation of ultrasound. Models have been developed to predict the propagation of ultrasound in such welds once the weld stiffness heterogeneity is known. Consequently, it is desirable to have a means of measuring the variation in elastic anisotropy experimentally so as to be able to correct for deviations in ultrasonic pathways for the improvement of weld inspection. This paper investigates the use of external nonintrusive ultrasonic array measurements to construct such weld stiffness maps, representing the orientation of the stiffness tensor according to location in the weld cross section. An inverse model based on a genetic algorithm has been developed to recover a small number of key parameters in an approximate model of the weld map, making use of ultrasonic array measurements. The approximate model of the weld map uses the Modeling of anIsotropy based on Notebook of Arcwelding (MINA) formulation, which is one of the representations that has been proposed by other researchers to provide a simple, yet physically based, description of the overall variations of orientations of the stiffness tensors over the weld cross section. The choice of sensitive ultrasonic modes as well as the best monitoring positions have been discussed to achieve a robust inversion. Experiments have been carried out on a 60-mm-thick multipass tungsten inert gas (TIG) weld to validate the findings of the modeling, showing very good agreement. This work shows that ultrasonic array measurements can be used on a single side of a butt-welded plate, such that there is no need to access the remote side, to construct an approximate but useful weld map of the spatial variations in anisotropic stiffness orientation that occur within the weld.
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I. Introduction
A ustenitic steels are popular in the petrochemical and nuclear industries, because of their excellent corrosion resistance, relatively high ductility and high strength compared with typical carbon steels. However, it is challenging to inspect welded joints in austenitic steel components using ultrasonic waves because of the problem of beam deviation arising from the spatial variation in elastic anisotropy local to the weld. This is caused by the polycrystal grain texture that develops within the weld metal during solidification from the molten state. The deviation results in errors in the interpretation of signals, poor array images, and incorrect defect sizing. Mathematical modeling based both on ray-tracing algorithms [1] - [4] and finite element models [5] , [6] has been carried out to study the propagation of ultrasound through welds having high degrees of inhomogeneity. More recently, array imaging in such anisotropic inhomogeneous materials has also been performed, providing an opportunity to correct the images in these difficult materials [3] .
Critical to the analysis of welds by ultrasound is a weld anisotropy or stiffness map, which we will refer to in this article simply as a weld map. This describes the spatial variations of the anisotropic elastic properties over the cross section of the weld and can be used to correct the beam paths. Such a map can be either simulated [1] - [3] or measured experimentally [5] , [6] . Experimental measurements are usually based on microstructural analysis of post-mortem macrographs of weld cross-sections. However, in practice the weld map is a function of the weld process conditions so that it varies from case to case, and it is not practical to take destructive measurements of each weld sample. Therefore, it is useful to develop a nondestructive method to characterize the weld that can be used at the time of manufacture or during in-service inspections. To achieve a robust inversion, we propose that it is best for the weld to be described by a model with a modest number of key parameters. Several models have been developed to describe the weld map using a small number of parameters, and these are reviewed in Section II of this paper. Among these models, a model named Modeling of anIsotropy based on Notebook of Arcwelding (MINA) [6] is based on information about the welding procedure and rules for polycrystal growth, and therefore provides a more physical approach to describe the real grain structure than the empirical geometry-based maps.
An important point must be made here concerning the nature of these weld maps. All of the cited weld maps in the literature aim to use a small number of parameters, such that the spatial variations of stiffness properties are represented in a general sense. This approach is an approximation because real welds include significant complexity in the patterns of stiffness properties at small scale, which for accurate maps would require a large number of parameters. However, the objective of using such a map to enable the correction of beam deviation in array imaging depends much more on the general variations than on the local ones. Furthermore, the inversion of measurements to find a small number of parameters is inherently more robust and computationally cheaper than for a large number of parameters. Therefore, although we must recognize that any model with a small number of parameters can only be an approximation, we propose that this is a sensible approach for a practical improvement of the array imaging inspection of inhomogeneous welds. It should also be kept in mind that the various models that are proposed for weld maps are themselves approximations, based usually on simple geometry, but sometimes on physical phenomena (as in the case of MINA), so they are not strictly correct even in the general sense, but they should certainly offer major improvements over preceding simple assumptions of homogeneity and isotropy, as has been shown in the validations in the publications relating to these models.
Several studies have already been carried out to investigate the construction of the weld map. Gueudre et al. [7] demonstrated a modeling procedure that was able to identify the parameters in the MINA model, from comparing the echo-dynamic curve of the signals received along a length on the base face of the weld; this is the amplitude profile across the receiver locations. This approach was validated by a simulated experiment. This is an interesting approach, but in practice it can be difficult to measure the echo dynamic curve accurately because the amplitude of the signal is affected particularly by the attenuation caused by the scattering in the weld material and also by the coupling of the receiving elements, both of which are uncertain. Indeed, the authors chose to use a simulated experiment so that they could demonstrate the possibility while avoiding, for the present, these experimental challenges. More recently, Zhang et al. [8] presented another inversion approach. They divided the weld geometry into a finite number of mesh grids, and measured the time-offlight result of longitudinal waves propagating through the weld using a shortest-path algorithm [9] . Subsequently, a Monte Carlo Markov chain method was used to refine the orientation of the grain in each element in the grid. This inversion method is more robust because it takes into account the time of flight of the ultrasound instead of the amplitude; however, the inversion process is very slow because there are hundreds of unknown variables in the model. A new method based only upon a small number of key parameters to describe the weld anisotropy would benefit from a reduced computation time and ensure its industrial viability for use on real samples.
In previous models the ultrasonic signals have typically been generated on top of the weld, and received on the back face, allowing the ultrasound to cover most regions in the weld with ease. However, in practice access to the back face of the weld is usually limited and furthermore weld caps which are normally not removed after the welding process can interfere with the measurement process. Therefore, an alternative approach is considered in our work here, in which two ultrasonic arrays are placed on the top surface of the sample, one on each side of the weld. The ultrasound is generated from one array, passes through the weld, is reflected from the back face, and then received by the other array. Fig. 1 shows a schematic diagram of the arrangement, illustrating an example ray path from one element on the transmitter array to one on the receiver array. The multiple ray paths between pairs of array elements cover different directions and regions of the weld cross section, thereby enabling an inversion to extract the weld map. This is done using an optimization technique.
It is also noted that in previous studies, only the longitudinal mode has been used to find the weld map, which might not be the mode most sensitive to the material properties. In our study, detailed discussions on the best ultrasonic modes and array positions will be presented, which will contribute to a more robust inversion method.
This paper starts with a review of the models describing weld maps that are available in the literature, and discusses the choice of the most representative model based on the welding process. Section III presents a ray-tracing method that has been developed to model ultrasonic wave propagation through the inhomogeneous and anisotropic weld. In Section IV, finite element (FE) simulations are presented to identify the most sensitive ultrasonic mode and best array positions. An inversion method based on a global optimization algorithm using selected ultrasound signals from FE simulations is also presented in this section. Finally experimental results from a real weld sample are presented in Section V.
II. Modeling of Weld Maps
Real welds in thick-section plates or pipes are normally made using a large numbers of passes, and their solidification results in very complex spatial variations of elastic properties arising from the anisotropic nature of the single crystal stiffness tensor of the austenitic steel. Fig. 2(a) shows a macrograph of a cross-section through a weld sample provided by our industrial partners. The sample contains a V-weld joining two 60-mm-thick 304L austenitic stainless steel plates. A 308 stainless steel consumable root insert and filler wire were used to form the weld. Manual tungsten inert gas (TIG) welding was used to form the root of the weld, followed by multiple passes of automated orbital TIG until full-fill. The plates were horizontal when the weld was made. The macrograph was obtained using a Nikon D1X digital SLR camera with a Nikkor 105-mm macro lens (Nikon Corp., Tokyo, Japan), after polishing and etching the specimen. The array of lines was overlaid on the macrograph using image processing software (Adobe Illustrator, Adobe Systems, San Jose, CA, USA); each arrow was then manually aligned with the grain structure beneath it. This was intended to be a simple, rapid method of obtaining an initial orientation map. The gray and white streaks in the macrograph indicate common directions of the crystal axes.
A common way (adopted by all of the cases that will be discussed here) of simplifying the description of the anisotropic material in the weld is to consider it to be transversely isotropic, in which case the plane perpendicular to the direction of the grain growth is considered to be isotropic, with the direction of the grain growth assumed to lie within the plane of the welded cross-section. This is known to be strictly incorrect, because the welding wire moves along the weld line (normal to this plane), so the heat flow and solidification direction are tilted out of this plane. There is also an influence of the orientation of the component while the weld is being made, when gravitational forces can skew the alignment of the solidifying material; this has a particularly large effect when the weld is vertical. Nevertheless, this simplifying assumption of material symmetry has been shown to be approximately correct from macrograph and electron back scattering diffraction (EBSD) measurements [10] , and has been adopted widely [3] , [5] - [8] , [11] . The elastic constants are assumed to be the same everywhere within the weld, with the only variable parameter being the orientation of the unique material property axis in the plane of the cross section shown in Fig. 2(b) .
Several models have been developed, each involving only a few parameters to characterize the stiffness map. They have been discussed and compared by Apfel et al. [11] , and so will only be briefly reviewed here. Ogilvy [1] , [12] used empirical analytical functions to describe the continuous variation in anisotropy across a weld, and this model has been used by other researchers to model the weld [3] . Langenberg et al. [13] further simplified the structure and assumed the grains to be oriented at an angle of 45° to the vertical axis. Spies [14] divided the inhomogeneous region into layers of transversely isotropic material, with the orientation in each layer considered to be the same. Another common approach is to divide the weld geometry into several homogeneous sections, each having fixed orientation of the grains [4] , [15] , [16] . Most of these models only take into account the boundary geometry of the fusion zone without considering other local geometry such as the grain structure associated with each pass; therefore, they cannot always capture the complexity of a heterogeneous structure resulting from multi-pass arc welding. FE models can provide a more precise definition of these details inside the weld, but at cost, because FE models are relatively time consuming to build and solve. Our interest here is to develop a weld model having a small number of key parameters, that is not intended to be strictly precise in local detail, but that is sensibly representative of actual weld material and is quick to run.
The MINA model was developed by researchers in France to predict the weld stiffness map for shielded metal arc welding from physical information about the formation of the weld that would typically be documented by the welder [6] ; it is now in use in relation to ultrasound inspection of power plant components [17] . It thus has a good physical foundation and validation in its context. A schematic of the MINA model is shown in Fig. 3 . The information it takes from the welding procedure includes the dimensions of the weld pool, dimension of the electrodes, the number of layers, and the number and order of passes in each layer. It also considers parameters that affect the direction of grain growth such as the inclination angle of the weld pass toward the weld groove θ B or another weld pass θ C , and two remelting rates which describe the overlapping of weld passes in the vertical (R v ) and lateral (R l ) directions. The physical phenomena describing the solidification mechanism, which include the influence of temperature gradients in a weld pass and the epitaxy and competition between grains, are then considered iteratively in the modeling to obtain the global orientation map of the weld.
The example weld that we use for the modeling and experimental work in this study was constructed by manual and automated TIG, which leaves it strictly outside the specific context of shielded metal arc welding for which the MINA model was developed. However, it remains attractive because it is based on physical phenomena rather than geometric fitting to macrographs, and so has been selected for the inversion task in this work. Of course the proof comes from the comparison of the results, and we have found that this model, with appropriate parameters, is capable of delivering a good representation of both the macrograph geometry and ultrasonic performance. This is perhaps to be expected given the common thermal processes driving the formation of many kinds of welds and, critically, the fact that we are not pursuing accuracy at fine scale. Thus, using an implementation of the MINA model reported in [6] , we have identified the following four MINA parameters θ B = 17.5°, θ C = 0°, R v = 0.15, and R l = 0.335 for the weld of Fig. 2 . This was done by an optimization process comparing the weld map from the MINA model and the grain orientations inferred from the macrograph that are shown in Fig. 2(b) . We note that other parameters of the MINA model may also have significant influence on the weld map, for example, Gueudre et al. [18] identified the order of the weld passes to be important; however, in the interests of simplicity over accuracy of detail, we have limited our study to these four parameters. Future work could extend our inversion process to additional parameters without difficulty if it is thought to be useful.
III. Ray-Tracing Technique
Our inversion procedure will use simulations of ray paths in the weld, iterating the parameters of the MINA model of the weld to achieve a target weld map. The multiple calculations of ray paths at the core of the inversion algorithm require a fast technique, for which we selected ray tracing. Ray-tracing techniques have been widely used in the modeling of seismic waves [19] and ultrasound [1] - [4] to calculate wave propagation through an inhomogeneous medium. We have adopted the ray-tracing procedure developed in [3] , which is summarized briefly here.
The ultrasonic rays passing through the weld follow a curved path as dictated by the varying orientations of the elastic constants of the material. In our model, a ray originates on the top surface on one side of the weld with a given phase vector, and a time-stepping calculation is used to take it through the weld. It is assumed that in each time step, the ultrasound propagates in a locally homogeneous and anisotropic medium which is governed by the Christoffel equation:
where C ijkl is the stiffness tensor matrix of the material, k is the wave vector, ρ is the density, and ω is the frequency. δ il is the Dirac delta function. The number of homogeneous equations, roots and velocities is equal to the number of spatial dimensions in the system. Given that the phase velocity c p = ω/k, (1) can be simplified as where Γ = C ijkl n j n k is called the Green-Christoffel acoustic tensor, with n being a vector describing the direction cosines of the wavevector. This is an eigensystem and the associated eigenvalues λ and eigenvectors υ for a given
where 1 ≤ a ≤ 3 and p is the polarization vector. The group velocity c g can be derived as
After each time step of the ray calculation, a nonphysical boundary is applied locally in the model to account for the variation in the material properties. The orientation of the boundary is assumed to lie parallel to a line joining points of constant elastic constant orientation and passing through the ray's current position. The reflected and refracted waves at the local boundary can be computed by the sextic equation [20] , and the direction of the ray is determined by the wave component with maximum energy; this is necessary because the calculation at the boundary results, in general, in multiple components of reflected and transmitted waves. This process is repeated until the ray leaves the inhomogeneous region.
Based on this ray-tracing model, simulations can be made to predict the paths and travel times for rays leaving any chosen transducer element at any chosen initial ("shooting") angle. An example of this, for SV (polarized in the plane of the cross-section) shear waves leaving a single source location, repeated multiple times to cover a range of angles, is shown in Fig. 4 . The material properties of the weld and the parent steel plates are listed in Table I , with the former taken from the literature [21] . The weld map defining the orientation of these material properties at each location along the ray path was given by the MINA model with the parameters that were identified for the example weld and stated in the preceding section. The source location is on the top surface of the weld 40 mm to the right of the center of the weld, the initial (shooting) angles vary from 20° to 70° to the perpendicular, and the rays terminate at the back wall of the weld. Clear beam deviation of the rays when they are inside the weld can be observed from Fig. 4(a) . For comparison, rays generated at the same position going through isotropic steel are plotted in Fig. 4(b) . Fig. 4(c) compares the times of flight of all the rays to reach their termination positions. Significant differences can be seen when comparing the times of flight for the rays passing through the weld with those at the same termination positions but for the isotropic steel. This is due to the deviation of the rays as well as the changes of wave speed along the ray paths. It is these differences that provide the basis for the inversion. The ray model is analytical and quick to compute, so it provides an ideal tool for multiple-repeated simulations at the core of the inversion process.
IV. Inversion Studies Using Finite Element Simulations

A. FE Model Description
Finite element (FE) wave propagation modeling has been used in this work for three purposes: to validate the accuracy of the ray tracing models; to provide ideal noisefree "measurement" data sets to aid the development of the inversion process and select its setup and parameters; and to validate the inversion. Fig. 5 shows a schematic diagram of the FE model, which has been run using the commercial software package ABAQUS/Explict (Dassault Systèmes, Vélizy-Villacoublay Cedex, France) [22] . The profile of the sample was measured from the real weld discussed earlier, which was provided by the industrial partners, and the orientation of the stiffness matrix in each element inside the weld follows the weld map defined by the same four MINA parameters θ B = 17.5°, θ C = 0°, R v = 0.15, and R l = 0.335. The mesh size in the MINA model was chosen to be 0.5 × 0.5 mm. For simplification, the geometry and properties of the structure were mirrored with respect to the back face (the lower surface of the weld in the figure) of the weld so that mode conversions and edge waves at the back face were excluded. Automatically generated linear triangular elements (CPE3R) having a maximum length of 0.2 mm were applied in the model. Different material orientations were assigned to each element according to the weld map. Absorbing layers of 20 mm width were applied on the outside border of the model to suppress reflections from the boundary [23] . The model was excited by applying a timevarying force in the vertical direction on the top surface on the right-hand side of the weld, which generated both shear and longitudinal wave modes; the shear modes were polarized in the plane of the cross-section (SV modes). The input force signal was a 3-cycle tone burst signal centered at 1 MHz. Several monitoring locations were defined along the receiving surface, ranging in location from −140 mm to 80 mm, as shown in Fig. 5 .
B. Selection of Ultrasound Mode and Receiver Positions
To assess the effect of the inhomogeneous weld material, a comparison FE model was also run using isotropic steel material throughout. Two example monitor locations were selected to illustrate and explain the observations, and the monitored signals for these locations are shown in Fig. 6 . In both cases, a point source was placed on the top surface 30 mm to the right of the center of the weld. Figs. 6(a) and 6(b) show received signals distant from the weld center at −100 mm, based on isotropic material properties and on those for weld material, respectively. Figs. 6(c) and 6(d) are the corresponding signals at a monitoring location very close to the weld cap, −22 mm. The signals for these two locations have both passed through the weld material, but on different paths. Both the longitudinal mode and the shear mode were generated and picked up at the monitoring locations and they can be distinguished by their arrival times.
The sensitivity of the ultrasonic modes to the weld material can be assessed by comparing the change in time of flight between waves that propagated through the weld and through the parent material. For example, by comparing Fig. 6(a) with Fig. 6(b) , it can be seen that the time shift of the longitudinal mode is less than 0.2 µs, whereas for the shear mode it is around 1.5 µs; this was a typical finding for any of the source or monitoring positions.
It is also notable in both examples that there are mode conversions between the longitudinal and the shear mode inside the weld, and the converted signal appears in between the two dominant modes in Figs. 6(b) and 6(d).
Figs. 6(c) and 6(d) show the received signal at a monitor location that is placed very close to the weld cap. The mode conversion in Fig. 6(d) , when the monitoring location is close to the weld cap, is particularly strong, and the shear mode arrives at a similar time as the converted mode, which makes it difficult to separate the modes. This suggests that the monitored region must be selected carefully to obtain dependable signals for the inversion. In zone 1, the monitors were placed to the right of the generator, in which case the ultrasound propagates through isotropic material only in both models, and the time-of-flight results are found to be exactly the same, as expected. In zone 2, the monitors were placed on the left side of the weld and some distance away from the center. A clear shift of the arrival time is observed in the shear mode in Fig. 7(a) and the time difference obtained in this zone is around 1 to 2 µs, which indicates good sensitivity to the weld map. In contrast, Fig. 7(b) shows that the time difference of the longitudinal mode in the same zone is very small, which possibly falls into the region of experimental error, therefore this mode would be more difficult to use for the inversion process. In zone 3, monitors were placed close to the center of the weld. In this region, there are large variations in time-of-flight results from signals propagating through the weld, especially with the shear mode. The reason can be understood from the signals in Fig. 6(d) . Because of strong mode conversions, the shear mode is very weak and difficult to separate from the mode-converted signals; therefore, it is not reliable to use the shear mode in zone 3 for weld characterizations. Thus, we have demonstrated that the shear mode in zone 2 is most sensitive to the inhomogeneity imposed by the weld map, and a magnified view of this part of Fig.  7(a) is shown by the solid line in Fig. 8 . For comparison, the dashed line in the same figure shows the time-of-flight results calculated from ray-tracing with the same MINA parameters as were used in the FE simulations. This line was obtained by performing an angular sweep from the same generation position as in the FE model and recording the time-of-flight results of each of the rays when they terminate at the surface of the weld sample. Very good agreement has been observed between the results obtained from ray-tracing models and the FE simulations for the same weld map. For comparison, time-of-flight results from another two weld maps, generated using alternative, but reasonable, MINA parameters, are presented in the same figure, showing a significant difference. This confirms again that the shear mode is sensitive to the material properties inside the weld.
The outcome of these studies was the selection of the shear mode, with monitoring in zone 2, to be used for the inversion process to find the weld map.
C. Inversion Technique Based on a Genetic Algorithm
Because the weld stiffness map has been described by a small number of key parameters, and these have been shown to have significant influence on the travel time on well-chosen ray paths and the shear wave mode, we have established a good basis to attempt a well-conditioned inversion process to determine these parameters from ultrasonic measurements. This section describes the inversion model used to refine the parameters in the MINA model from the ultrasonic array measurements. It is based on a global optimization process, and an iterative algorithm has been applied to compare the results from the forward model with the experiment. The inversion process is illustrated in Fig. 9 . This is similar to the approach that was applied in the work by Gueudre et al. [7] , which iteratively compares the echo dynamic curve obtained from an FE simulation [24] and a simulated experiment. However, there is a significant difference in that our approach is based on the arrival time at chosen locations whereas the approach by Gueudre et al. uses the profile of the signal amplitude across the receiver locations. We expect our approach to be less sensitive to the uncertainties of attenuation in the weld material and transducer coupling.
In the inverse model, a fitness function has been used to quantify the similarity between experiments and simulations, which can be expressed in the sense of least squares as
where θ B , θ C , R v , and R l are the four parameters applied in the MINA model; y i sim and y i exp represent the time-offlight results by simulations and experiments, respectively; and n corresponds to the number of rays. A genetic algorithm [25] , which is based on the Darwin natural evolution theory, was implemented to find the global minimum in the fitness function. The algorithm starts with an initialized population of individuals, each of which corresponds to a set of four parameters θ B , θ C , R v , and R l , and is characterized by the fitness function. Based on their fitness, parents are selected to produce a new generation using operators such as crossover, mutation and replacements. If the system is well designed and well conditioned, the population will tend to converge to a global optimal solution. The algorithm was developed in Fortran by integrating the ray-tracing model with an open-source code for the genetic algorithm [26] . In our model, the population of the model was chosen to be 20 sets of four MINA parameters, the crossover rate was chosen to be 0.6, and the mutation rate was 0.02 to achieve the best efficiency of the algorithm. The following boundaries, estimated from the analysis of the macrograph, were applied to the four MINA parameters: θ B and θ C between 0° and 25°, R v and R l between 0.1 and 0.4.
The inversion process was carried out initially by using FE results. The ultrasound was generated at 40 different nodes located from 45 mm to 107.4 mm to the right of the center of the weld (see Fig. 5 ), with pitch of 1.6 mm, and in each generation the signal was monitored at 60 locations from −50 mm to −144.4 mm with the same pitch, to the left of the weld. Therefore, the time-of-flight results were obtained in the format of a 40 × 60 matrix, which was then used to compare with an equivalent matrix of results from the ray-tracing model, using a fitness function as shown in (5) . In each ray-tracing computation, an angular sweep was performed at the position of the generator. Multiple rays were calculated for a range of shooting angles, delivering a series of arrivals along the surface where the monitoring points are located. The time-of-flight result at the positions of the monitors were then obtained by interpolation between the nearest arriving rays. Different sets of initialization values were chosen in the inversion model, all leading to the convergence of the fitness function shown in (5). Fig. 10 shows the inversion results from the genetic algorithm for 100 generations together with the best fitness value from the fitness equation. It was found that after 100 generations, the four MINA parameters converged to the following values: θ B = 17.08°, θ C = 0.82°, R v = 0.165, and R l = 0.311, which agreed very well with the weld map used in the FE simulations (θ B = 17.5°, θ C = 0°, R v = 0.15, and R l = 0.335).
V. Experiment
A. Experimental Setup and Signal Processing
Experiments were carried out to validate the weld map inversion process. The experimental setup is shown in Fig.  11(a) . A pair of 32-element ultrasonic phased-array transducers (A102 with 1.6 mm pitch; Imasonic SAS, Voray sur l'Ognon, France) with 2 MHz central frequency were placed across the weld. A M2M MultiX LF 64-channel array controller (M2M, Les Ulis, France) was used to generate and receive ultrasonic signals. To maximize the energy of shear waves in the generation, a 34.7° Rexolite (C-Lec Plastics Inc., Philadelphia, PA, USA) wedge was attached to the transmission array. The transmission array was placed as close to the weld cap region as possible and the receiving array was placed 60 mm away from the transmission array. The ultrasound was generated by a 100 V amplitude pulse at each of the channels from the transmission array. It passed through the weld, reflected from the back face of the sample, and was received by all channels in the receiving array. Fig. 11(b) shows a typical B-scan signal which was generated from element 1 of the transmission array and received from all elements in the receiving array. The x- axis of the figure shows the receiver array element number (from left to right) according to the orientation seen in Fig. 11(a) . The y-axis shows the digitized sample number, corresponding to arrival time. The gray scale represents the signal amplitude. From the figure, it can be seen that both longitudinal and shear modes were captured by the receiving array, which can be distinguished by the slope of their waveforms. The shear wave, which is stronger than the longitudinal wave because of the existence of the wedge, has proven to be more sensitive to the weld properties; therefore, it should be extracted for the inversion process. However, because the shear wave is much slower than the longitudinal wave, it may arrive at the same time as other components, such as a longitudinal wave or modeconverted wave arriving by a different path, which creates challenges for extracting the accurate waveform of the shear wave.
As an example, Fig. 12(a) shows an A-scan signal (generated from the tenth element of the transmission array and received from the fifth element of the receiving array), where the shear wave is inside a multiple waveform at around 65 µs. To extract the shear wave, the CLEAN algorithm [27] was applied to the signal, which assumes that the multi-path signal is composed of a finite number of scaled, delayed, and phased-shifted replicas of the transmitted signal. The algorithm tends to extract the dominant component of the signal, and has been applied successfully by other researchers [8] , [28] to extract the longitudinal mode when this arrives early and strongly. Here, we use it to pick up the dominant shear mode. This is possible because we have used the wedge deliberately to enhance the amplitude of the shear mode in comparison with the longitudinal mode. Fig. 12(b) shows the resulting signal after this signal processing procedure.
B. Inversion Based on Experimental Results
The inversion process was performed to find the best fit parameters in the MINA model for the real weld, using the experimental measurements. The procedure is similar to that which was performed in the FE study, although there was a slight change in the forward model to take the wedge into account. The material properties of the austenitic weld used in the experiment were determined using the electron backscatter diffraction (EBSD)-based method; orientation distribution functions (ODFs) were determined from the EBSD data and combined with the literature value for the single-crystal stiffness tensor of monocrystal Fe-18%Cr [29] . The method is described in more detail in [10] . The calculated values are shown in Table I ; these are slightly different from the values from the literature that we used earlier. Fig. 13 illustrates the process of the inversion using experimental data. Fig. 13(a) shows ray paths from one of the excitation elements with different shooting angles. Shear waves are generated through the refraction from the wedge to the metal. The rays propagate through the weld, reflect at the back wall and terminate on the other side of the weld. Fig. 13(b) shows the time-of-flight results with respect to the element locations in the receiving array from a single excitation position which were obtained by interpolating the time-of-flight results from all the termination positions on the surface, in the same manner as was discussed earlier for the FE inversion. Fig. 13(c) presents the time-of-flight results for all of the combinations of 32 generation elements and 32 receiving elements; the gray scale of each element in the figure represents the time of flight. These arrival times can be compared directly with those obtained from the experiment shown in Fig. 13(d) for the inversion process. Fig. 13 (c) also indicates that in some regions the time-of-flight results are not available because the rays terminate at the local boundaries inside the weld [3] . The inversion procedure is the same as in previous examples, which is to find the best match in time of flight between the forward models and experiments based on global optimization using the genetic algorithm.
After 100 iterations, the four MINA parameters converged to the following values: θ B = 20.5°, θ C = 5.63°, R v = 0.173, and R l = 0.362. Fig. 14 shows the corresponding macrograph from the optimized MINA parameters and the comparison to the measured map from the macrograph. It suggests that the difference in the grain orientation map is less than 20° for most of the regions inside the weld. Given that the intention is to provide a robust inversion that is correct in general, even if imprecise in local detail, this is considered to be an acceptable agreement. The significance of this must wait for the assessment of the effectiveness of correcting array images in practical applications, but it is already reasonable to expect a large improvement over the assumptions that currently must be made in many inspections that the weld material is isotropic and homogeneous.
VI. Conclusions
Variations in stiffness local to welds can significantly affect the passage of ultrasound waves and thus, if unaccounted for, interfere with nondestructive evaluation of near-weld regions. Because these are likely locations for defects, this represents a significant challenge for nondestructive inspection. In this paper we have shown that we can use ultrasonic arrays to reconstruct an estimated weld map for an example weld that is representative of power plant components, defining the orientation of the stiffness tensor map in a smoothly varying form over the weld region. Furthermore, we have done this using one of the validated functions in the literature that involves only a few key parameters that can be related to the welding procedure.
Ray-tracing techniques were applied in forward models to calculate the ultrasound propagation through the weld. Finite element simulations were carried out to validate the ray model and to investigate a good approach for the inversion process. It was demonstrated using the FE studies that the shear mode polarized in the plane of the cross section (SV mode), which is more sensitive than the longitudinal mode to variations of the weld properties, can be detected satisfactorily provided the monitor locations are well chosen, and then used to drive the inversion. Inverse models, based on global optimization, were carried out to compose the estimated weld map for both FE simulations and experiments, showing good agreement. The inversion results from the real sample, although reasonable, are not as good as those from the FE simulations, and this is because several approximations were made in the modeling of the weld properties. The material properties were considered to be transversely isotropic, and symmetrically orientated with respect to the plane of the cross-section, so that a two dimensional model can be applied; however, in reality, the orientation of the polycrystal grains in the weld may be tilted slightly out of the plane [10] . A more accurate approach would be to consider the material properties of the weld to be orthotropic [30] , and apply a three-dimensional model to describe the weld map. Another assumption in the weld modeling is to consider the elastic constants to be the same everywhere in Fig. 2(b) ]; the gray scale denotes angular error in degrees. the weld, with the only variable being the rotation angle of the stiffness matrix according to the positions. This is an oversimplification; in reality, it is possible that the elastic constants could vary slightly in the weld region. Therefore, it would be more accurate if this could be taken into account in the mapping process; i.e., in each position of the weld the variable would be the elastic constants plus a rotation angle. These ideas could be investigated for better accuracy in the inversion of experimental measurements. However, such modifications would add considerably to the complexity of the process, and, given that the model presented in this work has already demonstrated reasonably good performance, it is questionable whether the increase in complexity and possible reduction in robustness would be worthwhile. Alison Mark received B.Sc.E. and M.Sc.E. degrees in mechanical engineering, followed by a Ph.D. degree specializing in materials science from Queen's University in Canada. She then worked as a postdoctoral researcher for one year in the nuclear materials research group at Queen's University. In 2008, she moved to the University of Manchester, where she took a postdoctoral position in the School of Materials. She studied the effect of residual stresses on the performance of materials for advanced nuclear power applications and helped to develop a method to measure bidirectional strain during phase transformations. She is currently employed as a scientist at the Max Planck Institute in Stuttgart, Germany, investigating plasticity and deformation mechanisms, as well as defects induced during growth, of ferroelectric perovskite ceramics.
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